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ABSTRACT 

Previous  research  has  suggested  that  spatialised  auditory  displays  will  enhance  operator 
performance  in  many  military  settings.  It  is  well  known  that  a  sound's  spectrum  must  be 
broad  and  relatively  flat  for  the  sound  to  be  accurately  localised.  The  study  described  here 
examined  the  effect  of  systematically  varying  the  evenness  of  a  sound's  spectrum  on  the 
accuracy  with  which  the  sound  can  be  localised.  Six  participants  localised  spectrally 
scrambled  sounds  produced  by  setting  the  sound  levels  in  the  98-,  391-  or  1562-Hz  wide 
frequency  bands  comprising  a  broadband  (0-25  kHz)  sound  to  random  values  within  a  0-,  20-, 
40-  or  60-dB  range.  Localisation  errors  were  found  to  increase  with  increases  in  both 
bandwidth  and  band-level  range.  Scrambling  the  spectra  of  sounds  over  a  60  dB  range  led  to 
as  much  as  a  doubling  of  mean  elevation  error  and  a  trebling  of  front/ back  confusion  rate. 
The  accuracy  with  which  these  sounds  could  be  localised  was  found  to  be  highly  correlated 
with  a  simple  measure  of  spectral  variation.  The  results  of  this  study  inform  the  development 
of  guidelines  for  designing  localisable  sounds  to  be  used  in  spatialised  auditory  displays. 
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The  Effect  of  Spectral  Variation  on  Sound 

Localisation 


Executive  Summary 


Auditory  displays  are  used  in  a  variety  of  military  settings.  In  many  of  these  settings  it 
would  be  advantageous  if  information  concerning  the  locations  of  particular  entities 
and/or  events  could  be  conveyed.  For  example,  spatialised  auditory  threat  warnings 
could  greatly  assist  operators  of  military  aircraft,  who  often  need  to  know  a  threat's 
location  in  order  to  respond  to  it  appropriately. 

Recently  developed  three-dimensional  (3D)  audio  technology  provides  a  means  of 
conveying  spatial  information  via  auditory  displays.  For  a  3D  auditory  display  to 
impart  useful  spatial  information  the  sounds  presented  through  it  must  be  accurately 
localised.  The  study  described  here  is  a  step  in  the  process  of  developing  guidelines  for 
the  design  of  localisable  sounds  intended  for  use  with  3D  auditory  displays. 

Previous  research  has  indicated  that  a  sound's  spectrum  must  be  broad  and  relatively 
flat  for  the  sound  to  be  accurately  localised.  In  this  study,  the  effect  of  systematically 
varying  the  evenness  of  a  sound's  spectrum  on  the  accuracy  with  which  the  sound  can 
be  localised  was  examined.  Participants  in  the  study  localised  spectrally  scrambled 
sounds  that  were  produced  by  setting  the  sound  levels  in  the  98-,  391-  or  1562-Hz  wide 
frequency  bands  making  up  a  broadband  sound  to  random  values  within  a  range  of  0-, 
20-,  40-  or  60-dB.  It  was  found  that  the  accuracy  with  which  these  sounds  could  be 
localised  decreased  with  increases  in  both  the  width  of  the  frequency  bands  and  the 
range  of  the  sound-level  variation.  Scrambling  the  spectra  of  sounds  over  a  60  dB  range 
resulted  in  the  mean  elevation  error  increasing  by  a  factor  of  up  to  two  and  the  rate  at 
which  front  and  rear  sound-source  locations  are  confused  increasing  by  a  factor  of  up 
to  three. 

Of  particular  interest,  it  was  found  that  the  accuracy  with  which  the  sounds  in  this 
study  could  be  localised  was  highly  correlated  with  a  simple  measure  of  the  variation 
in  a  sound's  spectrum.  Further  research  is  required  to  ascertain  whether  this  measure 
of  spectral  variation  is  predictive  of  the  accuracy  with  which  a  wider  variety  of  sounds 
can  be  localised. 


Authors 


Russell  Martin 

Air  Operations  Division 

Russell  Martin  is  a  Senior  Research  Scientist  in  Human  Factors  in 
Air  Operations  Division.  He  received  a  Ph.D.  in  Psychology  from 
Monash  University  in  1988  and  worked  at  the  University  of 
Queensland,  Oxford  University,  the  University  of  Melbourne  and 
Deakin  University  prior  to  joining  DSTO  in  1995. 


Ken  McAnally 

Air  Operations  Division 

Ken  McAnally  is  a  Senior  Research  Scientist  in  Human  Factors  in 
Air  Operations  Division.  He  received  a  Ph.D.  in  Physiology  and 
Pharmacology  from  the  University  of  Queensland  in  1990  and 
worked  at  the  University  of  Melbourne,  the  University  of 
Bordeaux  and  Oxford  University  prior  to  joining  DSTO  in  1996. 


Tavis  Watt 

Deakin  University 

At  the  time  the  research  described  here  was  conducted,  Tavis  Watt 
was  an  honours  student  in  the  School  of  Psychology  at  Deakin 
University.  His  current  position  is:  Operations  Manager,  Property 
Services  Division,  Deakin  University. 


Patrick  Flanagan 

Deakin  University 

Patrick  Flanagan  is  a  Lecturer  in  the  School  of  Psychology  at 
Deakin  University.  He  received  a  Ph.D.  in  Psychology  from 
Queens  University  in  1987. 


Contents 


1.  INTRODUCTION . 1 

2.  METHODS . 3 

2.1  Participants . 3 

2.2  Stimulus  generation  and  presentation . 3 

2.3  Procedure . 4 

3.  RESULTS . 5 

4.  DISCUSSION . 10 

5.  ACKNOWLEDGMENTS . 13 

6.  REFERENCES . 14 


DSTO-RR-0308 


1.  Introduction 


Auditory  displays  are  used  in  a  variety  of  military  settings  to  convey  critical  information. 
In  many  of  these  settings  it  would  be  advantageous  if  information  concerning  the  spatial 
locations  of  particular  entities  and/or  events  could  be  conveyed.  For  example,  several 
studies  [McKinley,  Erikson  &  D'Angelo  1994;  Perrott,  et  al.  1996;  Bronkhorst,  Veltman  & 
van  Breda  1996;  Nelson  et  al.  1998;  Bolia,  D'Angelo  &  McKinley  1999;  Parker  et  al.  2004] 
have  suggested  that  spatialised  threat  warnings  would  be  of  considerable  benefit  to 
operators  of  military  aircraft,  who  often  need  to  know  a  threat's  location  in  order  to 
respond  to  it  appropriately. 

With  the  development  of  three-dimensional  (3D)  audio  technology  it  has  become  possible 
to  generate  headphone-presented  sounds  that  listeners  perceive  to  come  from  remote 
sources  at  distinct  locations  in  space  [e.g.,  Wightman  &  Kistler  1989;  Bronkhorst  1995; 
Carlile  et  al.  1996;  Martin,  McAnally  &  Senova  2001].  The  application  of  this  technology  in 
conjunction  with  warning  systems  has  substantial  potential.  For  a  3D  audio  display  to 
impart  useful  spatial  information  the  sounds  presented  through  it  must  be  accurately 
localised. 

It  is  well  known  that  the  accuracy  with  which  a  sound  can  be  localised  is  dependent  on  its 
spectral  content.  Many  studies  [e.g.,  Roffler  &  Butler  1968a;  Hebrank  &  Wright  1974;  Butler 
&  Planert  1976;  King  &  Oldfield  1997]  have  demonstrated  that  localisation  accuracy 
diminishes  as  the  bandwidth  of  a  sound  is  systematically  reduced.  Localisation  judgments 
for  sounds  having  particularly  narrow  bandwidths,  such  as  tones  and  narrow-band  noises, 
can  be  influenced  more  by  the  sound's  centre  frequency  than  by  the  location  of  its  source 
[Pratt  1930;  Roffler  &  Butler  1968b;  Blauert  1969/70;  Musicant  &  Butler  1985; 
Middlebrooks  1992].  Vertical  and  front/back  components  of  localisation  judgments  are 
particularly  vulnerable  in  this  respect  [e.g.,  Middlebrooks  1992],  It  appears  that  a  sound's 
spectrum  must  extend  from  about  1  to  16  kHz  for  localisation  to  be  optimal  [Hebrank  & 
Wright  1974;  King  &  Oldfield  1997] . 

The  requirement  of  broad  sound  bandwidth  for  accurate  localisation  stems  in  part  from 
the  role  of  spectral  cues  in  the  localisation  process.  Spectral  cues,  which  result  from  the 
interaction  of  sound  with  the  torso,  head  and  pinnae,  are  believed  to  provide  information 
that  can  resolve  the  ambiguity  inherent  in  interaural  time  and  level  difference  cues  to  a 
sound's  location  [see  Middlebrooks  &  Green  1991,  for  a  review].  Analyses  of  human  free- 
field  to  eardrum  transfer  functions  have  revealed  the  presence  of  features,  such  as 
prominent  peaks  or  notches  in  the  transfer  functions'  magnitude  spectra,  that  vary  with 
source  location  [Shaw  &  Teranishi  1968;  Blauert  1969/70;  Hebrank  &  Wright  1974; 
Mehrgardt  &  Mellert  1977],  It  is  thought  that  listeners  learn  to  associate  particular  patterns 
of  spectral  features  in  the  signals  at  their  ears  with  particular  sound-source  locations.  For 
locations  well-removed  from  the  median  vertical  plane,  the  spectral  cues  provided  by  the 
near  ear  completely  dominate  those  provided  by  the  far  ear  [e.g.,  Humanski  &  Butler  1988; 
Morimoto  2001].  For  locations  in  the  vicinity  of  the  median  plane,  the  cues  provided  by 
both  ears  contribute  to  perceived  source  location  [Morimoto  2001;  Hof  man  &  Van  Opstal 
2002], 
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For  the  pattern  of  spectral  features  in  the  signal  at  a  listener's  ear  to  provide  a  valid 
localisation  cue,  the  listener  must  make  a  correct  assumption  about  the  spectrum  of  the 
sound  at  its  source  (i.e.,  the  presence  of  a  particular  feature  in  a  signal  at  an  ear  could 
reflect  the  imposition  of  that  feature  on  an  incoming  sound  by  the  torso,  head  and /  or 
pinna,  or  the  presence  of  that  feature  in  the  sound  at  its  source).  It  has  been  found  that 
listeners  have  considerable  difficulty  distinguishing  at-ear  spectral  features  that  result 
from  location-dependent  filtering  from  those  that  reflect  the  spectrum  of  the  sound  at  its 
source  [see,  for  example,  Rakerd,  Hartmann  &  McCaskey  1999].  Studies  in  which 
localisation  has  been  found  to  be  disrupted  when  a  narrow  frequency  band  is  removed 
from  a  broadband  stimulus  [Hebrank  and  Wright  1974;  Butler  &  Musicant  1993; 
Burlinghame  &  Butler  1998]  or  when  sound  levels  in  the  narrow  frequency  bands 
comprising  broadband  stimuli  are  varied  randomly  [Wightman  &  Kistler  1997]  suggest 
that  listeners  usually  assume  that  the  spectrum  of  a  sound  at  its  source  is  relatively  flat. 

The  fidelity  of  a  3D  audio  display  can  be  expected  to  be  optimal,  therefore,  when  the 
sounds  presented  through  it  have  relatively  flat  spectra.  But  exactly  how  flat  is  relatively 
flat?  Wightman  and  Kistler's  [1997]  "scrambled-spectrum"  stimuli  were  produced  by 
setting  the  sound  level  in  each  critical  band  (a  frequency  band  about  1/6  of  an  octave 
wide)  of  a  broadband  stimulus  to  a  random  value  within  a  20-  or  40-dB  range.  The  effect 
on  localisation  of  scrambling  the  spectra  of  stimuli  over  a  40-dB  range  was  reported  by 
Wightman  and  Kistler  to  differ  across  listeners.  For  one  "typical"  listener  the  effect 
described  was  a  reduction  in  the  accuracy  with  which  sound-source  elevation  could  be 
discerned  and  an  increase  in  the  incidence  of  front/back  confusions  (i.e.,  occasions  on 
which  the  sound  source  was  judged  to  be  in  the  incorrect  front-versus-back  hemifield). 
The  effect  on  localisation  of  scrambling  the  spectra  of  stimuli  over  a  20-dB  range  is  difficult 
to  determine  from  the  data  presented  by  Wightman  and  Kistler  but  appears  to  be  less 
pronounced  than  that  of  scrambling  the  spectra  of  stimuli  over  a  40-dB  range. 

As  Wightman  and  Kistler's  [1997]  study  was  not  primarily  concerned  with  the  effect  of 
spectral  variation  on  sound  localisation,  the  width  of  the  frequency  bands  in  which  sound 
levels  were  randomised  was  not  varied.  It  is  likely,  however,  that  variation  in  a  sound's 
spectrum  will  have  a  greater  effect  on  the  accuracy  with  which  the  sound  can  be  localised 
when  the  coarseness  of  that  variation  more  closely  resembles  that  of  the  spectral  cues  used 
by  listeners  to  localise  sound.  In  the  study  described  here,  the  effect  on  localisation  of 
varying  a  sound's  spectrum  was  examined  using  scrambled-spectrum  stimuli  produced  by 
setting  the  sound  level  in  each  of  the  98-,  391-  or  1562-Hz  wide  frequency  bands 
comprising  a  broadband  stimulus  to  a  random  value  within  a  20-,  40-  or  60-dB  range.  The 
results  of  this  study  inform  the  development  of  guidelines  for  designing  localisable  sounds 
to  be  used  in  spatialised  auditory  displays. 
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2.  METHODS 


2.1  Participants 

Six  volunteers,  one  female  and  five  male,  ranging  in  age  from  22  to  39  years  participated  in 
this  study.  The  hearing  of  each  was  assessed  by  measuring  his  or  her  absolute  thresholds 
for  1,  2,  4,  8,  10,  12,  14  and  16  kHz  pure  tones  using  procedures  described  in  detail  by 
Watson  et  al.  [2000].  For  all  participants  all  thresholds  were  lower  than  the  relevant  age- 
specific  norm  [Corso  1963;  Stelmachowicz  et  al.  1989]. 

Each  participant  was  allowed  to  practice  localising  broadband  (0.05-20  kHz)  noise  during 
several  training  sessions  prior  to  data  collection.  All  participants  demonstrated  a  high  level 
of  proficiency  (a  mean  localisation  error  of  less  than  14°)  at  this  task. 


2.2  Stimulus  generation  and  presentation 

On  each  trial  an  independent  sample  of  Gaussian  noise  (328  ms  in  duration  and 
incorporating  20-ms  cosine-shaped  rise  and  fall  times)  was  generated  at  a  sampling  rate  of 
50  kHz  (Tucker-Davis  Technologies  AP2)  and  passed  through  a  broadband  (0-25  kHz) 
digital  filter  designed  and  implemented  in  the  frequency  domain.  A  new  filter  was 
constructed  for  each  trial  by  dividing  the  frequency  region  extending  from  0  to  25  kHz  into 
98-,  391-  or  1562-kHz  wide  bands  and  setting  the  level  in  each  band  to  a  constant  value  (0- 
dB  band-level  range)  or  a  random  value  within  a  range  of  20,  40  or  60  dB.  Where  the  band- 
level  range  was  20,  40  or  60  dB,  the  range  of  levels  in  any  given  filter  tended  to  be 
somewhat  less  than  the  full  available  range.  This  was  particularly  the  case  for  the  broadest 
bandwidth.  Mean  level-ranges  for  filters  generated  by  randomising  sound  levels  in  98-, 
391-  or  1562-Hz  wide  bands  within  20-,  40-  or  60-dB  ranges  are  shown  in  Table  1.  The 
resulting  filtered  noise  was  passed  through  a  second  digital  filter  to  compensate  for  the 
transfer  characteristics  of  the  stimulus  presentation  system. 


Table  1:  Mean  level-ranges  for  filters  generated  by  randomising  sound  levels  in  98-,  391-  or  1562- 
Hz  wide  bands  within  20-,  40-  or  60-dB  ranges.  Each  value  is  the  mean  of  the  ranges  of 
1000  filters. 


Band-level  range 
(dB) 

Bandwidth  (Hz) 

98 

391 

1562 

20 

19.8 

19.4 

17.6 

40 

39.7 

38.8 

35.3 

60 

59.5 

58.2 

52.9 

Stimuli  were  converted  to  analogue  signals  (Tucker-Davis  Technologies  PD1),  passed 
through  an  anti-aliasing  filter  with  a  low-pass  cut-off  frequency  of  20  kHz  (Tucker-Davies 
Technologies  FT5),  amplified  (Hafler  Pro  1200)  and  presented  at  65  dB  SPL  (A-weighted) 


3 


DSTO-RR-0308 


through  a  loudspeaker  (Bose  Free  Space)  mounted  on  a  1-m  radius  hoop.  Loudspeaker 
movement  was  driven  by  programmable  stepping  motors  that  could  position  the 
loudspeaker  at  any  location  from  0  to  359.9°  azimuth  and  -50  to  +80°  elevation  with  a 
resolution  of  0.1°.  A  convention  of  measuring  azimuth  in  the  clockwise  direction  and 
describing  elevation  below  the  interaural  horizontal  plane  as  negative  was  followed. 

2.3  Procedure 

The  participant  was  seated  in  a  sound-attenuated  anechoic  chamber  such  that  his  or  her 
head  was  positioned  at  the  centre  of  the  loudspeaker  hoop.  Background  noise  levels 
within  the  chamber  were  less  than  10  dB  SPL  in  all  1/3-octave  bands  with  centre 
frequencies  ranging  from  0.5  to  16.0  kHz.  The  participant's  view  of  the  hoop  and 
loudspeaker  was  obscured  by  a  cloth  sphere  supported  by  thin  fibreglass  rods.  The  cloth 
from  which  this  sphere  was  constructed  was  acoustically  transparent.  A  dim  light  inside 
the  sphere  allowed  visual  orientation.  Participants  wore  a  headband  on  which  a  laser 
pointer  and  a  magnetic  tracker  receiver  (3  Space  Fastrak,  Polhemus)  were  mounted. 

At  the  beginning  of  each  trial  the  participant  fixated  on  a  light  emitting  diode  (LED) 
positioned  at  0°  azimuth  and  elevation.  When  ready,  he  or  she  pressed  a  hand-held  button. 
The  loudspeaker  was  then  moved  to  the  target  location.  Loudspeaker  movement  occurred 
in  two  steps  to  reduce  the  likelihood  of  participants  discerning  the  target  location  from  the 
duration  of  movement.  During  the  first  step  the  loudspeaker  was  moved  to  a  randomly 
chosen  location  at  least  30°  distant  in  both  azimuth  and  elevation  from  the  previous  and 
subsequent  target  locations.  During  the  second  it  was  moved  to  the  target  location.  (In 
tests  conducted  previously  to  the  experiment  described  here  it  was  found  that  the  accuracy 
with  which  participants  could  discern  the  target  location  in  the  absence  of  an  acoustic 
stimulus  was  no  greater  than  that  expected  on  the  basis  of  chance.)  The  target  location  for 
each  trial  was  chosen  randomly  from  the  set  ranging  from  0  to  359.9°  azimuth  and  -45  to 
+75°  elevation  in  0.1°  steps.  The  location  selection  algorithm  ensured  that  locations  were 
distributed  more-or-less  evenly  across  this  part-sphere  by  ensuring  that  extreme  elevations 
were  not  overrepresented.  (The  probability  of  any  given  elevation  being  selected  was 
proportional  to  the  circumference  of  the  sphere  at  that  elevation.)  As  soon  as  the 
loudspeaker  was  in  position,  the  LED  was  turned  off.  The  LED  then  flashed  three  times  to 
alert  the  participant.  The  acoustic  stimulus  was  presented  immediately  thereafter.  The 
participant  was  requested  to  keep  his  or  her  head  stationary  during  presentation  of  the 
stimulus. 

Following  stimulus  presentation,  the  head-mounted  laser  pointer  was  turned  on  and  the 
participant  directed  the  laser  toward  the  precise  point  on  the  surface  of  the  cloth  sphere 
from  which  he  or  she  perceived  the  stimulus  to  come.  The  location  and  orientation  of  the 
laser  pointer  were  measured  using  the  magnetic  tracker,  and  the  point  where  the  beam 
intersected  the  sphere  was  calculated  geometrically.  An  LED  attached  to  the  centre  of  the 
loudspeaker  was  then  turned  on  and  the  participant  directed  the  laser  toward  the  LED. 
The  location  and  orientation  of  the  laser  pointer  were  measured  again  and  the  point  where 
the  beam  intersected  the  sphere  was  calculated  geometrically. 
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Localisation  accuracy  was  described  in  terms  of  two  errors:  lateral  error  and  elevation 
error.  Lateral  error  was  defined  as  the  unsigned  difference  between  the  true  and  perceived 
sound-source  lateral  angles,  where  lateral  angle  is  the  angle  subtended  at  the  hoop  centre 
between  the  sound  source  and  the  vertical  plane  separating  the  left  and  right  hemispheres 
of  the  hoop.  Elevation  error  was  defined  as  the  unsigned  difference  between  the  true  and 
perceived  sound-source  elevations,  where  elevation  is  the  angle  subtended  at  the  centre  of 
the  hoop  between  the  sound  source  and  the  horizontal  plane  separating  the  upper  and 
lower  hemispheres  of  the  hoop. 

Each  experimental  session  contained  40  trials  and  involved  a  single  combination  of 
bandwidth  (98,  391  or  1562  Hz)  and  band-level  range  (0,  20,  40  or  60  dB).  Each  participant 
took  part  in  36  sessions,  3  at  each  of  the  12  possible  bandwidth  and  band-level  range 
combinations.  The  order  in  which  these  12  conditions  were  presented  was  determined 
following  a  randomised-blocks  procedure.  Participants  completed  a  maximum  of  two 
sessions  per  day. 

For  each  participant  a  mean  lateral  and  elevation  error  was  calculated  for  each  condition 
after  data  for  those  trials  on  which  a  front/ back  confusion  was  made  had  been  removed.  A 
front/ back  confusion  was  deemed  to  have  been  made  if  two  conditions  were  met.  The  first 
was  that  neither  the  true  nor  the  perceived  sound-source  location  fall  within  a  narrow 
exclusion  zone  symmetrical  about  the  vertical  plane  dividing  the  front  and  back 
hemispheres  of  the  hoop.  The  width  of  this  exclusion  zone,  in  degrees  of  azimuth,  was  15 
divided  by  the  cosine  of  the  elevation.  (Note  that  the  arc  length  associated  with  1°  of 
azimuth  is  greatest  at  0°  of  elevation  and  becomes  progressively  smaller  as  either  vertical 
pole  is  approached.)  The  second  condition  was  that  the  true  and  perceived  sound-source 
locations  be  in  different  front-versus-back  hemispheres.  The  proportion  of  front/ back 
confusions  was  calculated  for  each  participant  and  condition  by  dividing  the  number  of 
trials  on  which  a  front/ back  confusion  was  made  by  the  number  of  trials  on  which  neither 
the  true  nor  the  perceived  sound-source  location  fell  within  the  exclusion  zone. 

Data  were  analysed  using  two-way  repeated-measures  analyses  of  variance  incorporating 
Greenhouse-Geisser  corrections  for  violations  of  the  assumption  of  sphericity  where 
appropriate  [Keppel  1991].  The  a  priori  alpha  level  was  set  at  0.05. 


3.  RESULTS 


The  mean  lateral  error  averaged  across  participants  is  shown  in  Figure  1  for  each  of  the  12 
bandwidth  and  band-level  range  combinations.  The  mean  lateral  error  varied  little  across 
these  conditions  and  ranged  from  5.3  to  6.5°.  Statistical  analysis  indicated  that  neither  the 
main  effect  of  bandwidth  nor  that  of  band-level  range  was  significant  (bandwidth: 
F(1.6,8.2)=3.46,  p=0.087;  band-level  range:  F(1.4,6.9)=4.48,  p=0.066).  The  interaction 
between  bandwidth  and  band-level  range  was  also  found  not  to  be  significant 
(F(2.6,12.9)=2.23,  p=0.140). 
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The  mean  elevation  error  averaged  across  participants  is  shown  in  Figure  2  for  each  of  the 
bandwidth  and  band-level  range  combinations.  The  mean  elevation  error  increased 
notably  with  both  increasing  bandwidth  and  increasing  band-level  range.  The  extent  to 
which  it  increased  with  increasing  band-level  range  was  greater  for  broader  bandwidths. 
For  bandwidths  of  98,  391  and  1562  Hz  it  increased  from  6.2  to  9.4°,  6.7  to  12.7°  and  6.3  to 
14.3°,  respectively.  Statistical  analysis  indicated  that  the  main  effects  of  bandwidth  and 
band-level  range  and  the  interaction  between  these  variables  were  significant  (bandwidth: 
F(1.3,6.3)=33.27,  p<0.001;  band-level  range:  F(2.5,12.3)=76.20,  p<0.001;  interaction: 
F(2.5,12.6)=5.38,  p=0.016).  Planned  comparisons  revealed  that  the  mean  elevation  error  was 
significantly  greater  for  the  40  and  60  dB  band-level  ranges  compared  with  the  0  dB  band- 
level  range  for  the  98-Hz  bandwidth  (0  vs.  40  dB:  F(l,5)=24.04,  p=0.004;  0  vs.  60  dB: 
F(l,5)=34.17,  p=0.002),  the  20,  40  and  60  dB  band-level  ranges  compared  with  the  0  dB 
band-level  range  for  the  391-Hz  bandwidth  (0  vs.  20  dB:  F(l,5)=13.41,  p=0.015;  0  vs.  40  dB: 
F(l,5)=21.2,  p=0.006;  0  vs.  60  dB:  F(l,5)=161.32,  p<0.001)  and  the  20,  40  and  60  dB  band- 
level  ranges  compared  with  the  0  dB  band-level  range  for  the  1562-Hz  bandwidth  (0  vs.  20 
dB:  F(l,5)=16.62,  p=0.010;  0  vs.  40  dB:  F(l,5)=45.36,  p=0.001;  0  vs.  60  dB:  F(l,5)=229.58, 

p<0.001). 


Width  of  bands  (Hz) 

Figure  1:  Mean  lateral  error  averaged  across  participants  for  each  of  the  three  bandwidths  and  four 
band-level  ranges.  Each  error  bar  shows  one  standard  error  of  the  average. 

The  proportion  of  front/ back  confusions  averaged  across  participants  is  shown  in  Figure  3 
for  each  of  the  bandwidth  and  band-level  range  combinations.  As  was  the  case  for  the 
mean  elevation  error,  the  proportion  of  front/back  confusions  tended  to  increase  with 
increasing  bandwidth  and  band-level  range.  The  extent  to  which  the  proportion  of 
front/back  confusions  increased  across  band-level  ranges  was  greater  for  the  391-  and 
1562-Hz  bandwidths  than  for  the  98-Hz  bandwidth.  Statistical  analysis  indicated  that  the 
main  effects  of  bandwidth  and  band-level  range  were  significant  (bandwidth: 
F(1.7,8.4)=18.76,  p=0.001;  band-level  range:  F(1.8,9.1)=16.51,  p=0.001)  but  the  interaction 
between  these  variables  was  not  significant  (F(3.2,15.6)=1.62,  p= 0.223).  Planned 
comparisons  revealed  that  the  proportion  of  front/back  confusions  was  significantly 
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greater  for  the  40  and  60  dB  band-level  ranges  compared  with  the  0  dB  band-level  range 
for  the  98-Hz  bandwidth  (0  vs.  40  dB:  F(l,5)=6.86,  p=0.047;  0  vs.  60  dB:  F(l,5)=26.50, 
p= 0.004),  the  20,  40  and  60  dB  band-level  ranges  compared  with  the  0  dB  band-level  range 
for  the  391-Hz  bandwidth  (0  vs.  20  dB:  F(l,5)=11.51,  p=0.019;  0  vs.  40  dB:  F(l,5)=10.16, 
p=0.024;  0  vs.  60  dB:  F(l,5)=36.26,  p=0.002)  and  the  20,  40  and  60  dB  band-level  ranges 
compared  with  the  0  dB  band-level  range  for  the  1562-Hz  bandwidth  (0  vs.  20  dB: 
F(l,5)=9.93,  p=0.025;  0  vs.  40  dB:  F(l,5)=36.82,  p=0.002;  0  vs.  60  dB:  F(l,5)=11.62,  p=0.019). 


98  391  1562 

Width  of  bands  (Hz) 


Figure  2:  Mean  elevation  error  averaged  across  participants  for  each  of  the  three  bandwidths  and 
four  band-level  ranges.  Each  error  bar  shows  one  standard  error  of  the  average. 


Figure  3:  Mean  proportion  of  front/back  confusions  averaged  across  participants  for  each  of  the 
three  bandwidths  and  four  band-level  ranges.  Each  error  bar  shows  one  standard  error  of 
the  average. 
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That  the  effects  of  spectral  scrambling  on  the  accuracy  of  judgments  of  sound-source 
elevation  and  front/ back  hemifield  were  greater  for  stimuli  generated  by  randomising 
sound  levels  in  broader  spectral  bands  is  likely  to  have  resulted  from  the  spectral 
smoothing  imposed  on  stimuli  by  the  cochlea  (see  Discussion  section  for  a  more  detailed 
argument).  This  smoothing  can  be  approximated  by  passing  stimuli  through  a  set  of  1/3- 
octave  bandpass  filters.  Mean  level-ranges  across  the  eight  1/3-octave  bands  with  centre 
frequencies  ranging  from  2.5  to  12.5  kHz  (and  therefore  encompassing  the  portion  of  the 
spectrum  believed  to  contain  the  most  important  spectral  cues)  for  the  spectrally 
scrambled  stimuli  in  this  study  are  shown  in  Table  2.  It  can  be  seen  that  mean  level-range 
following  1/3-octave  band  filtering  increases  with  increasing  bandwidth  for  each  band- 
level  range. 

Table  2:  Mean  level-ranges  across  the  eight  1/3-octave  bands  with  centre  frequencies  ranging  from 
2.5  to  12.5  kHz  for  stimuli  generated  by  randomising  sound  levels  in  98-,  391-  or  1562- 
Hz  wide  bands  within  20-,  40-  or  60-dB  ranges.  Each  value  is  the  mean  of  the  ranges  of 
1000  stimuli. 


Band-level  range 
(dB) 

Bandwidth  (Hz) 

98 

391 

1562 

20 

8.6 

11.3 

14.2 

40 

10.8 

17.3 

24.5 

60 

13.2 

22.0 

31.6 

Level  range  across  1  /  3-octave  bands  is  one  simple  measure  of  the  spectral  variation  in  an 
acoustic  signal.  Another  measure,  which  we  have  found  to  be  more  predictive  of 
localisation  accuracy,  is  the  sum  of  the  absolute  differences  between  levels  in  adjacent  1/3- 
octave  bands.  In  Figures  4  and  5,  the  mean  sum  of  differences  between  levels  in  adjacent 
1/3-octave  bands  with  centre  frequencies  ranging  from  2.5  to  12.5  kHz  is  plotted  against 
the  mean  elevation  error  and  proportion  of  front/back  confusions,  respectively,  for  each  of 
the  12  combinations  of  bandwidth  and  band-level  range.  Dashed  lines  show  the  linear 
regressions  of  mean  elevation  error  and  proportion  of  front/ back  confusions  on  the  mean 
sum  of  differences.  It  can  be  seen  that  the  sum  of  differences  between  levels  in  adjacent 
1/3-octave  bands  is  highly  predictive  of  both  the  mean  elevation  error  (in  which  case 
r2=0.97)  and  the  proportion  of  front/back  confusions  (in  which  case  r2=0.89). 
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Mean  sum  of  differences  between 
adjacent  1/3-octave  bands  (dB) 

Figure  4:  Mean  sum  of  differences  between  levels  in  adjacent  1/3-octave  bands  with  centre 
frequencies  ranging  from  2.5  to  12.5  kHz  plotted  against  the  mean  elevation  error 
averaged  across  participants  for  each  of  the  12  combinations  of  bandwidth  and  band- 
level  range.  Each  mean  sum  of  differences  is  the  mean  of  the  sums  of  differences  of  1000 
stimuli.  The  dashed  line  shows  the  linear  regression  of  mean  elevation  error  on  mean 
sum  of  differences  between  adjacent  1/3-octave  bands.  r2=0.97. 


Mean  sum  of  differences  between 
adjacent  1 /3-octave  bands  (dB) 

Figure  5:  Mean  sum  of  differences  between  levels  in  adjacent  1/3-octave  bands  with  centre 
frequencies  ranging  from  2.5  to  12.5  kHz  plotted  against  the  proportion  of  front/back 
confusions  averaged  across  participants  for  each  of  the  12  combinations  of  bandwidth 
and  band-level  range.  Each  mean  sum  of  differences  is  the  mean  of  the  sums  of 
differences  of  1000  stimuli.  The  dashed  line  shows  the  linear  regressions  of  proportion  of 
front/back  confusions  on  mean  sum  of  differences  between  adjacent  1/3-octave  bands. 
r2=0.89. 
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4.  DISCUSSION 


The  results  of  this  study  indicate  that  scrambling  the  spectra  of  otherwise  flat  broadband 
sounds  over  a  range  as  small  as  20  dB  can  significantly  reduce  the  accuracy  with  which  the 
stimuli  are  localised.  In  proportional  terms,  this  manipulation  seems  to  have  its  greatest 
effect  on  front/ back  confusion  rates,  which  increased  by  a  factor  of  about  2  when  band- 
level  range  was  increased  from  0  to  20  dB.  Scrambling  the  spectra  of  stimuli  over  a  40  or  60 
dB  range  was  found  to  have  a  greater  effect,  and  led  to  as  much  as  a  doubling  of  mean 
elevation  error  (e.g.,  0  vs.  60  dB  band-level  ranges,  1562  Hz  bandwidth)  and  a  trebling  of 
front/back  confusion  rate  (e.g.,  0  vs.  60  dB  band-level  ranges,  391  Hz  bandwidth).  It  is 
worth  noting,  however,  that  the  spectral  scrambling  employed  in  this  study,  which 
arguably  was  quite  severe,  was  not  completely  disruptive  of  localisation  performance.  For 
example,  the  largest  mean  elevation  error  of  14.3°  for  the  1562-Hz  bandwidth/ 60-dB  band- 
level  range  condition  is  considerably  smaller  than  the  mean  elevation  error  of  33.3°  that 
would  be  expected  (on  the  basis  of  a  simulation  involving  106  trials)  if  participants 
perceived  the  lateral  angle  of  the  sound  source  accurately  but  responded  randomly  with 
respect  to  its  elevation.  Likewise,  the  largest  front/back  confusion  proportion  of  0.159  for 
the  1562-Hz  bandwidth/ 40-dB  band-level  range  condition  is  considerably  smaller  than  the 
front/back  confusion  proportion  of  0.5  that  would  be  expected  if  participants  responded 
randomly.  Similarly  moderate  effects  of  extreme  spectral  scrambling  on  localisation 
accuracy  are  evident  in  the  data  presented  by  Wightman  and  Kistler  [1997], 

The  results  of  this  study  are  also  consistent  with  those  presented  by  Macpherson  and 
Middlebrooks  [2003],  who  examined  the  accuracy  with  which  stimuli  with  rippled 
(sinusoidally  on  a  logarithmic  frequency  scale)  amplitude  spectra  of  differing  ripple 
densities  and  depths  can  be  localised.  Macpherson  and  Middlebrooks  found  that 
localisation  was  most  disrupted,  relative  to  that  for  flat-spectrum  stimuli,  for  ripple 
densities  ranging  from  0.5  to  2  ripples/ octave  (when  ripple  depth  was  held  constant  at  40 
dB)  and  ripple  depths  of  at  least  20  dB  (when  ripple  density  was  held  constant  at  1 
ripple/ octave).  Even  under  these  conditions,  however,  the  observed  disruption  was  only 
moderate.  Spectral  ripples  having  depths  of  less  than  20  dB  were  found  to  have  little  effect 
on  localisation. 

It  is  clear  that  the  effect  of  spectral  scrambling  is  to  increase  elevation  errors  and 
front/back  confusion  rates  while  leaving  lateral  errors  generally  unaltered.  This  is 
consistent  with  the  expectation  that  spectral-scrambling  would  disrupt  spectral  cues  to 
sound-source  location  but  not  affect  interaural  time  or  level  difference  cues.  These  latter 
cues  are  thought  to  indicate  the  'cone-of-confusion'  on  which  a  sound  source  lies  [Mills 
1972],  which  defines  the  source's  lateral  angle.  Spectral  cues,  on  the  other  hand,  are 
thought  to  resolve  the  ambiguity  inherent  in  interaural  time  and  level  difference  cues  by 
indicating  the  source's  position  around  the  cone  of  confusion  (i.e.,  its  elevation  and 
front/back  hemifield).  Several  previous  studies  have  shown  that  disrupting  spectral  cues 
by  physically  manipulating  the  pinnae  reduces  the  accuracy  of  localisation  in  the  up-to- 
down  and  front-to-back  dimensions  more  so  than  in  the  left-to-right  dimension  [e.g., 
Roffler  &  Butler  1968a]. 
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The  effect  of  spectral  scrambling  on  localisation  accuracy  was  clearly  greater  for  stimuli 
generated  by  randomising  sound  levels  in  broader  spectral  bands.  The  effect  of  spectral 
scrambling  for  the  98-Hz  bandwidth  was  particularly  small.  This  is  probably  a  reflection  of 
the  spectral  smoothing  imposed  on  stimuli  by  the  cochlea.  The  cochlea  can  be  conceived  of 
as  a  bank  of  bandpass  filters  tuned  to  different  frequencies.  The  bandwidths  of  these  filters 
increase  with  increasing  centre  frequency  [e.g.,  Glassberg  &  Moore  1990].  Cochlear  filters 
tuned  to  frequencies  above  680  Hz  (the  centre  frequency  of  the  critical  band,  or  filter,  with 
a  98-Hz  bandwidth)  would  have  rejected  much  of  the  detail  in  stimuli  generated  by 
randomising  sound  levels  in  98-Hz  wide  bands.  This  is  because  the  bandwidths  of  these 
filters  are  greater  than  98  Hz  and  the  filters,  as  a  consequence,  would  have  integrated 
energy  across  multiple  level-randomised  bands.  This  would  have  had  an  effect  equivalent 
to  that  of  reducing  the  band-level  ranges  of  the  stimuli  in  the  frequency  range  above  680 
Hz.  For  stimuli  generated  by  randomising  sound  levels  in  391-  and  1562-Hz  wide  bands, 
the  frequencies  above  which  detail  would  have  been  reduced  by  cochlear  filtering  are  3390 
and  14240  Hz,  respectively.  For  the  latter  bandwidth,  therefore,  almost  all  of  the  detail  in 
the  audible  frequency  range  would  have  survived  cochlear  filtering. 

As  noted  in  the  Results  section,  the  effect  of  cochlear  smoothing  can  be  approximated  by 
passing  stimuli  through  a  set  of  1/3-octave  bandpass  filters.  We  have  shown  in  this  report 
that  a  simple  measure  of  spectral  variation  based  on  the  outputs  of  the  eight  1/3-octave 
bandpass  filters  tuned  to  frequencies  ranging  from  2.5  to  12.5  kHz  is  highly  predictive  of 
the  accuracies  with  which  the  elevations  and  front/ back  hemifields  of  the  stimuli  in  this 
study  could  be  discerned.  It  is  likely  that  this  measure  will  also  be  predictive  of  the 
accuracy  with  which  similar  stimuli  (i.e.,  those  with  audible  sound  levels  in  most  of  the 
1/3-octave  bands  with  centre  frequencies  ranging  from  2.5  to  12.5  kHz  and  spectra  that  are 
more-or-less  constant  across  time)  can  be  localised.  The  extent  to  which  this  measure  will 
be  predictive  of  the  accuracy  with  which  stimuli  with  time-varying  spectra  can  be 
localised,  however,  is  less  clear.  Such  stimuli  include  speech  and  other  naturally  occurring 
sounds  that  are  being  considered  for  use  as  spatialised  threat  warnings  in  military  aviation 
environments.  It  is  plausible  that  the  accuracy  with  which  many  stimuli  with  time-varying 
spectra  can  be  localised  will  be  determined  by  the  accuracy  with  which  the  most 
localisable  portions  of  those  stimuli  can  be  localised.  If  that  is  the  case,  it  should  be 
possible  to  predict  the  accuracy  with  which  stimuli  with  time-varying  spectra  can  be 
localised  by  dividing  them  into  segments  of  appropriate  length  and  calculating  the 
measure  of  spectral  variation  described  here  for  each  segment. 

In  summary,  the  study  described  here  was  conducted  to  enhance  our  understanding  of  the 
relationship  between  a  sound's  spectral  variation  and  the  accuracy  with  which  it  can  be 
localised  with  a  view  to  informing  the  development  of  metrics  and  guidelines  for 
designing  localisable  auditory  warnings.  Our  study  has  shown  that  the  auditory 
localisation  system  is  surprisingly  tolerant  of  variation  in  a  sound's  spectrum  provided 
that  variation  does  not  result  in  the  sound  having  an  extremely  limited  spectral  range  (i.e., 
provided  the  sound  can  be  reasonably  described  as  broadband).  Nevertheless,  severe 
spectral  variation  (i.e.,  spectral  scrambling  involving  40  and  60  dB  band-level  ranges)  was 
found  to  result  in  a  clear  decrease  in  localisation  accuracy,  specifically  with  regard  to 
judgments  of  sound-source  elevation  and  front/back  hemifield.  It  was  found  that  the 
accuracy  with  which  the  spectrally  scrambled  stimuli  in  this  study  could  be  localised  was 
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accurately  predicted  on  the  basis  of  a  simple  measure  of  spectral  variation.  It  seems  likely 
that  this  measure,  the  sum  of  the  absolute  differences  between  levels  in  adjacent  1/3- 
octave  bands  with  centre  frequencies  ranging  from  2.5  to  12.5  kHz,  will  also  be  predictive 
of  the  accuracy  with  which  other  sounds  can  be  localised.  Further  research  is  required  to 
determine  whether  that  is  the  case. 
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